In haplodiploid organisms, unmated or sperm depleted females are "constrained" to produce only male progeny. If such constrained females reproduce, the population sex ratio will shift toward males and unconstrained females will be selected to produce more females. Assuming that a female's own time spent constrained is an index of the population-wide level of constrained oviposition, and that constrained and unconstrained females reproduce at the same rate, the proportion of sons that females produce when unconstrained should decrease with increasing time spent constrained. Alternatively, if females cannot measure time spent constrained or if time spent constrained is not an index to the level of constrained oviposition in the popUlation, the proportion of sons among progeny produced when unconstrained should not depend upon time spent constrained and should be female biased to an extent depending upon the average time spent constrained over evolutionary time.
In haplodiploid organisms, unmated or sperm depleted females are "constrained" to produce only male progeny. If such constrained females reproduce, the population sex ratio will shift toward males and unconstrained females will be selected to produce more females. Assuming that a female's own time spent constrained is an index of the population-wide level of constrained oviposition, and that constrained and unconstrained females reproduce at the same rate, the proportion of sons that females produce when unconstrained should decrease with increasing time spent constrained. Alternatively, if females cannot measure time spent constrained or if time spent constrained is not an index to the level of constrained oviposition in the popUlation, the proportion of sons among progeny produced when unconstrained should not depend upon time spent constrained and should be female biased to an extent depending upon the average time spent constrained over evolutionary time.
To test these predictions, we manipulated the amount of time spent virgin in the parasitoid wasp Aphelinus asychis Walker (Hymenoptera: Aphelinidae) and mea-Introduction Fisher (1930) was the first to argue that in panmlctlc populations of sexual organisms, natural selection will result in a sex ratio (proportion male) of 0.5 when sons and daughters are equally costly. This is the result of frequency-dependent selection where individuals of the rare sex have more mating opportunities so that the production of an excess of sons is favored when the population sex ratio is female biased and conversely, the production of an excess of daughters is favored when the population sex ratio is male biased (Fisher, 1930; Shaw and Mohler, 1953; Charnov, 1982; Conover and Van Voorhees, 1990) . Hence, it is generally held that the evolutionary stable strategy (ESS) sex ratio in panmictic populations is 0.5, though sex allocation of individual females may vary from this ratio. In infinite populations at ESS, females producing any ratio of sons and daughters are equally fit (Kolman, 1960) . However, in finite populations, there is weak selection in favor of females who produce a sex ratio of 0.5 (Verner, 1965; Taylor and Sauer, 1980) . Females of most sexual organisms must fertilize their eggs to produce male or female offspring. However, in haplodiploid species, females that are unmated or for some other reason unable to fertilize eggs ("constrained females", sensu Godfray, 1990) can produce male offspring. This is because haploid males develop from unfertilized eggs and diploid females develop from fertilized eggs. Thus, a unique feature of haplodiploid populations is the potential presence of females constrained to produce only males. This raises the question of what would be the ESS sex ratio of unconstrained females in such populations. Godfray (1990) examined this situation in a population where constrained and unconstrained females produce progeny at the same rate and a fraction p of the females are constrained to produce only male offspring. In this case, the ESS sex ratio for unconstrained females is r = (1 -2p) / [2(1 -p)]. For p < = 0.5, the ESS sex ratio of unconstrained females becomes increasingly female biased as p increases and the population sex ratio is 0.5. For p > 0.5, the ESS sex ratio of unconstrained females is all-female and the population sex ratio becomes increasingly male biased as p increases. Essentially the same result holds if p is redefined as the proportion of time spent constrained by each female, assuming that females reproduce at the same rate when constrained and unconstrained and that p is the same for all females of the population. In this case, the ESS sex ratio r above applies to the Virgin oviposition and sex allocation in a parasitoid 613 period following removal of the constraint (e.g., by mating). In both cases, the value of p represents the population-wide level of constrained oviposition that will determine the population sex ratio in the next generation according to which individual females should adjust their progeny sex ratio.
The foregoing predictions apply if p is constant among females. Although the natural history of constrained oviposition is poorly known (but see Singh and Sinha, 1980; Godfray, 1988; Hardy and Godfray, 1990; Godfray and Hardy, 1993; Ode et aI., 1997) , it seems likely that p will vary among females in the same generation. Godfray (1990 Godfray ( , 1994 made two hypotheses to cover the case(s) of variable p. First, if individual females are able to measure the time spent constrained, and if the variance among females in time spent constrained is small each generation, time spent constrained could serve as a clue to the populationlevel frequency of constrained oviposition in the current generation. In this case, females should facultatively adjust their progeny sex ratio as a function of time spent constrained. The post-constraint sex ratio of females will decrease with increasing time spent constrained, as predicted by the "constant p" models. Second, females might not have any information about the current level of constrained oviposition. This might occur if an individual female cannot measure the time she spends constrained, or if the variance among females in time spent constrained is high within generations. In such circumstances, females should not facultatively adjust their progeny sex ratio as a function of time spent constrained. Godfray (1990) suggested that selection will favor females that, when unconstrained, produce a sex ratio reflecting the average frequency of constrained oviposition across generations. Here, the post-constraint (e.g., post-mating) sex ratios of females will be independent of time spent constrained and female-biased to an extent depending on the average frequency of constrained oviposition.
In this study, we manipulated the time spent virgin by female Aphelinus asychis Walker (Hymenoptera: Aphelinidae) and compared the post-mating sex ratios with these contrasting predictions. A. asychis is a solitary parasitoid (one egg develops per host) that attacks several aphid species including the cereal pest Diuraphis noxia Mordvilko (Hemiptera: Aphididae). Although the aphid hosts of A. asychis are colonial, the low number of parasitized aphids observed per colony (Chen and Hopper, 1997) suggests males and females usually emerge from different aphid colonies and thus must search for mates. A trail sex pheromone left on plants by virgin females helps males to find females (Fauvergue et aI., 1995) . There are three consequences of such a mating system. First, individual A. asychis do not have matings restricted to broods of one or a few females but probably mate randomly within populations as assumed by Godfray's (1990) model. Second, females will rarely be mated at emergence and so will spend some time in a constrained state. Third, the time spent constrained probably varies among females, and should vary among generations (e.g., as a function of male density; Fauvergue et aI., 1995) . 
Materials and methods

Effects of time spent constrained on fecundity and progeny sex ratio
Virgin, 24 hr old females were randomly assigned to one of four treatments: exposed to males at 1, 8 or 15 days after emergence, or never exposed to males. We used such times until mating because A. asychis has a long lifespan [38 ± 7 days (mean ± 95% confidence interval) at 20°C in the laboratory], so that in the wild, mating may sometimes occur several weeks after emergence. Females were exposed successively to two 24 hr old males (one hour each) in glass vials (5 x 1 cm). The experiment was done in six blocks (six successive weeks) with five females per treatment per block. From emergence to death, females were provided with at least 100 D. noxia in ventilated plastic tube cages (2.5 x 20 cm) containing 4-5 wheat seedlings (Triticum sativa variety "Tam lOT') in soil-filled tube pots (9 x l.5 cm). Aphids were reared in a greenhouse on the same wheat variety and were transferred to the tube cages one day before being exposed to parasitoids. Females were transferred weekly to new tube cages. Aphids from the old cages were held for parasitoid development and emergence. For each female, we recorded her date of death and the number of male and female progeny produced. The experiment was done during March-August 1994 with an A. asychis colony started 18 months earlier (ca. 18 generations) with 100 females collected from wheat fields near Montpellier, France. Laboratory conditions during the experiment were 2500 lux provided 16 h/day by fluorescent lights, 21 ± 1°C, 40-50% R.H.
Sperm depletion
We tested whether time since mating affected presence/absence of sperm in the spermatheca. Females were randomly assigned to one of three treatments: exposed to males at emergence only, exposed to males at emergence and again at 14 days after emergence, or exposed to males at 14 days after emergence only. Females were provided with aphids as described for the previous experiment. We dissected the spermatheca from all surviving females 21 days after emergence and recorded the presence versus absence of active sperm. Thirty females were used in each treatment in a completely randomized design. The experiment was done during FebruaryMarch 1996 with an A. asychis colony started 4 years (ca. 48 generations) before the experiment with 20 couples from wheat fields near Montpellier, France. Laboratory conditions during the experiment were 3200 lux provided 16 h/day by fluorescent lights, 21 ± 2°C, 40-60% R.H.
Data analyses
We tested whether (1) mating affects the number of adult progeny produced, (2) age at mating affects the proportion of males among adult progeny produced after mating, and (3) time since mating affects sperm supply.
To test the first hypothesis, we analyzed the combined effects of age and age at mating on weekly fecundity (number of adult offspring produced) during the first three weeks (because we had fewer than 10 replicates per week and per treatment after three weeks) via a repeated-measures ANOVA including a blocking factor.
To test the second and third hypotheses, we used ANOVA for randomized block designs with specific contrasts to compare populations of interest: (1) sex ratio among progeny produced the same time after mating by females of different ages, and (2) sex ratio among progeny produced different times after mating by females of the same age. Sex ratios were arcsin-square root transformed to normalize distributions, and weighted by 4 x progeny number to prevent associations between variances and samples sizes (Sokal and Rohlf, 1981) .
To test sperm depletion, we used two-way contingency tables to compare the proportion of females with active sperm among females mated at emergence, mated both at emergence and at 14 days, and mated at 14 days only.
Likelihood ratio chi-square tests and ANOV A based on type III sums of square for unbalanced designs were performed with the SAS statistical package (SAS Institute, 1988) . Where appropriate, we give means with their standard errors.
Results
Mating success
All 30 females that oviposited as virgins produced only sons but some females exposed to males also produced only sons. We classified females exposed to males as mated or unmated by the following criteria. Mated females were those that had one or more daughters and those females that had no daughters but fewer than five sons (assuming a sex ratio of 0.5 and a binomial distribution, the probability of having no daughter and five sons is 0.03). Unmated females were those with no daughters but five or more sons. By our criteria, only 78% of females exposed to males were mated. The proportion of mated females was slightly lower among females that encountered males at 8 and 15 days than among females that encountered males at 1 day. However, the proportion of mated females was not statistically different among treatments (X 2 = 5.08, df = 2, p = 0.079). The production of all-male broods by some females exposed to males could be caused by a failure of sperm transfer: observations during mate encounters revealed that some females avoided courtship or copulation attempts by moving away from males. Females that had been classified as unmated in this first analysis and females that died before mating or produced no progeny after mating (and which could thus not be classified) were excluded from further analyses. 
Number of progeny
Age at mating did not affect fecundity (Tab. 1, Fig. 1 ). Although a significant block effect was present, the age at mating x block and age at mating main effect were not significant. The cause of the significant block effect is not known. Females produced about 30 adult offspring on average per week.
Progeny sex ratio
Age at mating affected progeny sex ratio (Tab. 2). The sex ratios of females mated at 8 days and 15 days were more female biased than the sex ratios of females of the same age but mated at 1 day (Fig. 2) . This is not due to changes over time in the progeny sex ratio of females mated at 1 day, which did not vary significantly with age (F 2 ,54 = 1.28 P = 0.29; effect of block; F 5 ,54 = 0 P = 0.99). When the progeny sex ratios for the week after mating were compared regardless of age, the difference between females mated at 1 day and at 8 days was marginally significant (p = 0.053, Tab. 2). Again, progeny sex ratios were more female-biased for females mated at 8 days than for females mated at 1 day (Fig. 2) . Despite the fact that post-mating progeny sex ratios were more female biased for females mated at 8 days and at 15 days than for females mated at 1 day, the proportion of sons among lifetime progeny increased with increasing time until the mating (F 2 ,47 = 28.23 P < 0.0001; effect of block: F5,47 = 1.31 P = 0.28).
Sperm depletion
Time since mating did not affect the proportion (50-67%) of females with active sperm in their spermathecae three weeks after emergence (G 2 = 0.75, n = 49,p = 0.69). * This repeated measures design with missing observations was analyzed as if structured in a split plot design (Milliken and Johnson, 1992) . Standard computations and significance tests are presented here. Because no effects apart from the block effect were significant, the more conservative tests described by Milliken and lohnson (1982) were not performed. 
Discussion
Our results show that A. asychis females mated later in life produce a more female biased sex ratio (around 60% females) after mating than females mated at emergence (40%-50% females). This difference could be the consequence of either an adjustment of progeny sex ratio by females mated at 8 or 15 days, or the depletion of sperm and subsequent increase in proportion of males among offspring with increasing time from mating in females mated at 1 day. However, we did not find evidence for sperm depletion in A. asychis. Moreover, even if sperm depletion were responsible for differences between females of the same age but with different ages at mating, it could not account for the difference among females of different ages but with the same time since mating (i.e., 1-8 day old females mated at 1 day and 8-15 day old females mated at 8 days). Therefore, our results suggest that females facultatively adjust progeny sex ratios by manipulating the proportion of inseminated eggs they lay, and that progeny sex ratio is a function of the time they spend virgin.
According to Godfray's (1990) model, assuming that time spent virgin reflects the total proportion of constrained oviposition in the population and that females can assess time as a continuous variable and decide on sex allocation accordingly, females should produce increasingly female biased offspring sex ratio as the amount of time spent virgin increases. Alternatively, if either one of the two assumptions mentioned above does not hold, females should produce constant female biased post mating sex ratios reflecting the average level of constrained oviposition over evolutionary time.
In A. asychis, although the proportion of sons among progeny was slightly lower for females mated at 8 or 15 days than for females mated at 1 day, this proportion was not different among females mated at 8 days and females mated at 15 days. Thus, the data on A. asychis do not fit either predictions. This discrepency between theoretical predictions and empirical results may arise from discrepencies between the biology of A. asychis and assumptions of the model. First, random search for mates would mean that females could encounter and mate with males at any time after emergence. In such conditions, time spent virgin would vary considerably among females in the same generation and would poorly reflect the population-wide level of constrained oviposition. Nonetheless, a sufficient delay in mating could correlate with high probability that the total proportion of constrained oviposition is high in the population. In this case, females mated later than just after emergence would be selected to produce more daughters after mating, whatever the amount of time spent virgin. More realistic models of sex allocation in response to constrained oviposition should therefore include variability in the amount of constrained oviposition among females. Second, females may be unable to precisely measure time from emergence to mating as a continuous variable. Although duration is a response variable whose measurement has been well documented in parasitoids (e.g., patch time allocation; Waage, 1979; Driessen et aI., 1995) , we know only one study clearly demonstrating behavioral decisions based on duration. In the wasp Trichogramma minutum, females lay a number of progeny in host eggs of Manduca sexta function of the duration of their first transit on the host (Schmidt and Smith, 1987) . Here, duration appears to be a cue of absolute host volume to which females should ultimately adjust their clutch size. However, if the mechanism for using duration as a cue to make behavioral decisions during oviposition is the same as that for measuring time to mating, the durations measured by Trichogramma were very short (a few seconds), and are hardly comparable with the durations of one or two weeks we used in our experiment. Rather, the step response we observed in A. asychis suggests that sex allocation decisions are either based on qualitative measurement of the time from emergence to mating (i.e., short versus long) or on internal cues based on physiological state and indicating whether mating occurred soon after emergence or not. With such a constraint, a female will produce more females after mating when mated later than just after emergence, whatever the time she has spent virgin.
In some species, females will not be able to adjust their progeny sex ratio as a function of their own proportion of time spent constrained. For instance, most female Bracon hebetor are sperm depleted for a substantial proportion of their lifetime (Ode et aI., 1997) and would have to assess this proportion before being out of sperm in order to produce more females accordingly. As this scenario is unlikely, female biased sex ratios observed in this species, unexplained by other factors like local mate competition (Antolin and Strand, 1992; Ode et aI., 1995) or competitive and dispersal asymmetries between sons and daughters (Ode et aI., 1996; Ode, 1994) , could reflect the average proportion of time females are sperm depleted over evolutionary times (Ode et aI., 1997) .
A few other studies indicate that progeny sex ratios vary with time spent constrained. In the parasitoid Campoletis perdistinctus, Hoelscher and Vinson (1971) observed an effect of age at mating on the proportion of sons among progeny (2 h:0.89; 6 h:0.78; 12 h:0.70; 33 h:0.57). In the parasitoid B. hebetor, Rotary and Gerling (1973) observed a significant difference in the proportion of sons among progeny between females mated at 7 days and females mated at 30 days (0.49 versus 0.39). In both analyses, neither female age nor time after mating were controlled and sperm depletion was not tested. In addition, the very male biased sex ratios produced by females C. perdistinctus when mated shortly after emergence could be a consequence of unmated females among the tested females. In this species, females refuse to mate during a refractory period of several hours (Hoelsher and Vinson, 1971 ) . Nonetheless, these studies suggest that parasitoid wasps alter progeny sex ratio as a function of time spent virgin. The haplodiploid sex determination system of parasitoids provides a simple mechanism (by control of egg fertilization) for making facultative sex ratio adjustments. More generally, female parasitoids are known to make sex ratio adjustments in response to variation in host size or the level of competition between offspring (reviewed in Godfray, 1994; Charnov, 1982; King, 1987) . More surprisingly, some observations on diploid animals also suggest that females adjust their progeny sex ratio according to time spent virgin. Werren and Charnov (1978) reported a number of species (frogs, insects, copepods) in which females mated late produced male biased sex ratios. In at least some of these species, the sex ratio shifts were not caused by differential mortality, so that Werren and Charnov (1978) interpreted these observations as facultative responses to male rareness. Although the response of haplodiploids and diploids is inverse, it could result from the same frequency-dependent selection process favoring individuals that produce more of the rarer sex in the generation of their offspring.
